Turbulent plasma transport due to low-frequency electrostatic fluctuations in a toroidal plasma is studied experimentally. The data are obtained in a magnetized toroidal plasma with no toroidal transform. The plasma is generated by a discharge from a hot electron emitting filament and diagnosed by conventional Langmuir probes measuring densities by electron or ion saturation currents and floating potentials. We present results for the statistical properties of the fluctuating radial transport caused by low-frequency electrostatic turbulence in the device. The turbulent plasma flux is identified as the product of the fluctuating density and the E × B/B 2 -velocity. Even though the probability densities of the fluctuating electric fields and plasma densities are close to Gaussians, we find strongly intermittent features in the flux signal obtained as the product of these two fluctuating quantities. A conditional statistical analysis gives insight in detail of the turbulent transport. The intermittency studies are extended by analyzing the excess statistics, i.e. the average duration of time intervals in the flux signal spent above a given reference level. We find that this analysis offers a very effective measure for intermittency effects. In our case, the signal is characterized by an excess of temporally narrow, large amplitude bursts, when compared with an equivalent Gaussian random signal.
Introduction
Turbulent transport of magnetized plasma is important in nature as well as in many laboratory experiments [1, 2] , fusion related studies in particular [3, 4] . The dominant mechanism is in many cases found to be transport by low-frequency electrostatic waves that are strongly magnetic field aligned, i.e. flute like. When all characteristic frequencies are below the ion cyclotron frequency, ω ci ω ce we can associate the fluctuating cross-field plasma velocity with the E × B/B 2 -velocity and the time varying plasma flux becomes Γ = nE × B/B 2 . We introduced the ion and electron gyrofrequencies as ci and ω ce , respectively. With ω being an average frequency in the turbulent spectrum, the polarization drift is of the order of ( ω / ci )E/B, and will be ignored here. Both the electric field E and plasma density n has a dc and a fluctuating component, while we consider the externally imposed magnetic field B to be constant in time. We assume quasi-neutrality and take n = n e ≈ n i in the expression for the plasma flux.
The turbulent flux as observed in the present as well as many other experiments constitutes a random process with significant deviations from Gaussian statistics [1, 5] . In this study we analyze data from the Blaamann toroidal device at the University of Tromsø with plasma conditions as described before [6] [7] [8] . The results presented here cover a detailed statistical analysis of the radial plasma flux signal at different positions in the plasma column. For the ensuing analysis we use a local Cartesian {x, y, z}-coordinate system with z B and x in the direction of the major radius. The origin {x, y, z} = {0, 0, 0} is taken to be in the center of a circular cross-section (with minor radius r 0 ) of the toroidal vacuum chamber. By a radial direction we will mean a direction with respect to the origin of the local Cartesian coordinate system in the {x, y}-plane, and the term 'azimuthal direction' will refer to motions in this {x, y}-plane, see also figure 1.
We give particular attention to one feature of the fluctuating flux signal component x (x) ≡ n(x) E y (x)/B(x) with E y being the fluctuating vertical electric field component at y = 0, while the plasma density is composed of a time averaged and a fluctuating quantity, n = n+ n. Note that x (x) contains both a dc and a fluctuating part. We do not consider the flux component n(x) E y (x)/B(x) that vanishes upon time averaging. Taking, for instance, a spatial position with x > 0, we have an outward going flux (i.e. x > 0) both when { n > 0; E y > 0} and also when { n < 0; E y < 0}, so the flux signal does not distinguish between these two cases, while the physical features are in general different for the two conditions [9] . We distinguish the two cases by a conditional analysis, imposing conditions on the fluctuating n and E y signals while analyzing the x signal. This type of analysis forms one extension of the often applied conditional averaging [10] [11] [12] [13] [14] [15] [16] . Most relevant studies are based on statistical averaging, but in some cases it has been possible to observe the spontaneous formation and propagation of individual structures [17] [18] [19] [20] , and also by external excitation [21, 22] .
Intermittency studies were seemingly initiated by investigations of neutral fluid turbulence, but intermittency effects have been studied also in turbulent plasmas. In particular in fusion plasma studies it has been found that intermittency effects are often related to anomalous turbulent transport [23] [24] [25] , an observation also supported by earlier laboratory studies [5] . Intermittency effects have been recognized in several different laboratory plasma devices [7, [26] [27] [28] . In order to analyze the intermittent features of the flux signal we suggest the use of excess statistics, i.e. a study of the duration of time intervals where the flux exceeds some prescribed threshold level.
In the presentation of this paper we first discuss results that can be derived from the flux density probability function P ( x ). The extension of the analysis to include excess statistics requires, in general, knowledge of the joint probability distribution P ( x , x ) of the time varying flux component x (t) and its time derivative d x (t)/dt ≡ x . The conditional averages that conclude our analysis contain in general information from higher order correlations [29] . We have, as mentioned, x (t) = 0 in general, but note that d x (t)/dt = 0.
The paper is organized as follows: In section 2 we present some basic features of the experimental set-up. In many ways this is standard for the Blaamann plasma, so we give only a summary of the basic features for completeness. In section 3 we give details of the fluctuations generated spontaneously in the device. These depend strongly on the plasma conditions, and since they are important for the ensuing analysis, we present the results in some detail, also because parts of the analysis have not been given before for this device. The data on the turbulent fluxes form the basis of our study, and the flux signal is discussed in section 4. The intermittency analysis emphasizing the non-Gaussian features of the signal are presented in section 5. This section contains our most significant new results concerning the excess statistics of the turbulent flux in the Blaamann device. Intermittent features in plasma turbulence are often discussed in terms of conditional averaging. In section 6 we present such a study of the present data, including also new results on 'cross-conditioning', where the conditions are imposed on one set of data, while the averaging is carried out on other data combinations. After the first use of conditional averaging in plasma devices [5, 10] , the method was applied in many other experiments as well. In section 7 we make a brief comparison with results from other related experiments in cases where they seem particularly relevant for the present analysis. Section 8 contains our conclusions.
The aim of this study is a detailed analysis of the turbulent flux signal and its components. The plasma instability causing the turbulent fluctuations will not be discussed here.
Experimental conditions
The experimental data were obtained in the Blaamann toroidal device at the University of Tromsø, where a magnetized plasma is produced by discharge from a hot filament [30] . A steadystate operation is achieved where we have a balance between plasma generation and losses, although we note that the steadystate conditions should here be understood in an averaged sense [30, 31] . The major radius of the toroidal vacuum vessel is R 0 = 0.67 m and the minor radius r 0 = 0.135 m. In figure 1 Figure 2. The dc plasma potential V p , the dc plasma density n e , and the dc thermal energy density n e T e for a cross-section of the plasma. The narrow vertical region of enhanced electron temperature is close to the filament position. We use a local orthogonal {x, y, z}-coordinate system with z B and x in the radial direction, taking the origin {x, y, z} = {0, 0, 0} to be in the center of a circular cross-section of the toroidal vacuum chamber, see figure 1. we show a sketch of the experiment also with positions for the data acquisition, where a more detailed figure is found elsewhere [30] . The plasma forms a negative potential well near the center of the vacuum vessel's circular cross-section, and is subject to vertical ∇B and curvature drifts, and azimuthal E × B-drifts due to the radial electric field. The degree of ionization is typically ∼1%. There is no toroidal current nor poloidal magnetic fields imposed on the plasma, and hence no poloidal transform. A small vertical magnetic field can be imposed by external coils. The present experiment [7] was carried out in helium gas at a pressure of 1.0 × 10 −3 mbar and a discharge current of approximately 1 A. The toroidal magnetic field was 1540 G at a reference position in the center of the vacuum vessel (at {x, y, z} = {0, 0, 0} in figure 1), and the hot filament was biased at 140 V with respect to the walls. The hot filament emits electrons in abundance, and the plasma is electron rich, with a deep negative, almost parabolic dc potential profile. The plasma conditions depend on the imposed potentials and magnetic fields [8] . A summary of the spatial variation of some basic parameters is given in figure 2 . For the present conditions, the almost parabolic plasma potential is a consequence of the plasma production and the magnetic field configuration: with other experimental conditions such a profile can be obtained by externally imposed potentials on hot filaments [32] .
Data were acquired with a three pin Langmuir probe movable along a line crossing the center of the circular crosssection of the confining vessel [8] . The separation between the probe pins detecting the poloidal electric field fluctuations was 7 mm, each pin having a diameter of 0.25 mm, and an exposed length of 5 mm. In this experiment, the electron saturation current I − sat was used to represent the density fluctuations, as it gives basically the same results as we obtained from the ion saturation current from a floating double probe. The signals were digitized with a 12 bit digitizer at a sampling rate of 250 kHz (i.e. a sampling time of t = 4 × 10 −6 s) and 10 4 samples per channel. The dc and fluctuating densities as detected by a Langmuir probe can be assumed to represent point measurements, to a good approximation. The spatial resolution of the electric field component is, however, not ideal. Given the probe separation 2 y = 7 mm, we detect differences in floating potentials and have the estimate for the y-component of the local electric field
ignoring here the z and t-variations. We use the symbol φ(k, x) for the Fourier transform of the electrostatic potential with respect to the y-variable. For k y 1 the potential difference approximates the true value of E y well, but for scale sizes of the order of 2 y or smaller the filtering by sin(k y )/(k y ) in (1) becomes effective [33] and the field estimate becomes inaccurate.
The full cross-section of background dc plasma parameters were obtained by a movable 2D-probe. Peak values of the time-averaged densities were n 0 ≈ 2 × 10 17 m −3 . Peak electron temperatures were T e0 ≈ 6 eV and the local minimum of the time-averaged plasma potential was φ 0 ≈ −50 V, see figure 2 . A summary of basic plasma parameters is given in table 1. In figure 3 we show a potential cross-section along the line sampled by the movable probe, where we also show the E 0 × B/B 2 rotation velocity of the plasma column. In calculating this velocity we take into account the variation of the magnetic field with r. For small r we find that the rotation velocity increases close to linearly with r, indicating a solid body rotation there. For larger radii the rotation velocity Figure 4 . Root-mean-square of power spectra for fluctuations in density (Isat-), potential (Vf at ch1, see figure 1 ) and electric field (E-field) shown on double-logarithmic scales. The spectra are normalized to have equal integrated power over the full frequency range, up to the Nyquist frequency. The figure shows only a restricted low-frequency part of the spectrum. Note the peak in the spectrum near 10 kHz. Due to the mixing of the density and electric field oscillations, the signal for the plasma flux (not shown) contains a strong second harmonic of the peak observed here.
flattens out, and we have a shear in the cross-field angular velocity that can contribute to a Kelvin-Helmholtz type plasma instability [5, 34] .
A spatially averaged radial electric field component E 0 (r) gives rise to a rotation of the entire plasma column. Assuming a parabolic potential and a homogeneous magnetic field given by its value at the center of the device, we estimate here a rotation frequency 0 /2π ≈ 8 × 10 3 Hz. The power spectra (see figure 4) show a local peak close to this frequency. Even with these simplifying assumptions, the rotation frequency of the ions + deviates from 0 , and can be found as a solution of
where the right-hand side accounts for the collisional friction with a stationary neutral gas, while the other terms include the effects of the centrifugal forces on the ions [32, 35, 36] . In principle we have a similar expression for the electrons, but with the given parameters (see table 1 ) we can assume from the outset that the electrons rotate with 0 , and ignore friction and centrifugal forces here. If we consider a localized plasma density enhancement or depletion δn at some finite radial position, this perturbation will be polarized due to the charge separation caused by the differential electron-ion rotation. Electric fields develop that cause radial motion of the density perturbation, with density depletions and enhancements propagating in opposite directions. To estimate the polarization of a local plasma density perturbation created at some time t = 0, we take the difference in the angular rotation of electrons and ions ≈ 0 − + and find a relative displacement of the electrons and ions to be approximately tr for a density perturbation δn localized at the position r. Taking a perturbation δn/n ≈ 0.1 at a position x = 50 mm, we find ε r ≈ 300, so the first case is relevant in the central parts of the plasma.
With parameters from table 1 we find that both 0 / ci 1 and ν i,n / ci 1, and it might be tempting to ignore also the slippage between the ion and electron rotations. Indeed, it can be concluded that the difference in rotation velocities of the electrons and ions contribute only little to the azimuthal current. The polarization of a localized density perturbation can, however, become important since it increases with time.
To estimate this polarization we make a series expansion from the solution of (2) to find
where the last term is small with parameters from table 1. We therefore have
where a = r(0). This result indicates that a density perturbation can propagate significant radial distances during one rotation of the plasma column. In a fixed frame, the density perturbation will appear to follow a spiralling orbit. Also the ∇B-drift will contribute to the polarization of a local plasma density enhancement or depletion. To estimate the relative magnitude of the two polarizations we compare the ∇B-velocity u 2 the /(ω ce R 0 ) ≈ 1.3 × 10 2 m s −1 with r ≈ 2.5 × 10 2 m s −1 , where we used R ≈ R 0 for estimating the ∇B-velocity and r ≈ 50 mm for the differential rotation velocity. Other parameters were taken from table 1. The two polarization effects seem to be of the same order of magnitude, but the ∇B-drift is in the positive x-direction on both the low and high magnetic field sides, i.e. in the positive x-direction, and is therefore partially compensated by the plasma rotation. The polarization due to the differential rotation gives a drift that is always in the radial direction. We also note that a collisional drag will reduce the effect of the ∇B-drift, while it will increase the differential rotation, see (2).
Spontaneous fluctuations in the toroidal plasma
Low-frequency electrostatic fluctuations are excited spontaneously in the toroidal plasma [30, 31] and have been studied experimentally in some detail [37, 38] . A fluctuating component with a well-defined frequency is generally assumed to be an interchange mode [38] where the frequency is determined by the plasma rotation. The plasma rotation will generally not be entirely uniform and a shear in the angular rotation can modify the most unstable mode [5, 34] , as already mentioned. In figure 4 we show spectra for fluctuations in potential, density and electric field obtained at the reference position. We note that the spectra for density and potential are very different: this demonstrates that the electrons have no time to adjust to a local isothermal equilibrium (in which case we would have e φ/T e ≈ n/n at all frequencies), consistent with the flute-like features of the dominant fluctuations.
In figure 5 we show samples of raw data for the fluctuating density n, the electric field component E y and the x-component of the plasma flux x = n E y /B. The velocity (i.e. E y ) contains clear bursts of harmonic oscillations, which are here visible in the interval 3000-3500 µs. At other times the burst can have a longer duration. These bursts are not easily visible in the density signal, but are revealed by a correlation analysis.
The density signal appears to contain a 'spiky' high-frequency component that is not readily visible in the E y -signal.
The bulk rotation of the plasma column illustrated in figure 3 gives a high Doppler frequency for small scales. We argue that the filtering of small spatial scales by (1) corresponds to a filtering of high frequencies in the signal for E y . Using the bulk plasma rotation velocity at the position x = 50 mm, we estimate that frequencies comparable to or larger than 200 kHz are affected by the filtering of the E y -signal due to finite probe separations in (1) . The data are acquired with a bandwidth limitation of 125 kHz, so the spatial filtering described by (1) has negligible consequences for our results. Future studies, with higher temporal resolutions, will have to take the spatial filtering into account.
In figure 6 we show the estimates for the amplitude probability density of the fluctuating density, plasma flux and the fluctuating electric field component E y as obtained at the reference position x = 50 mm for the present conditions. At this position we find a negative electric field skewness, S ≡ ( E y − E y ) 3 /σ 3 ≈ −0.85, where σ is the standard deviation. The signal is leptokurtic by having a positive kurtosis as compared with the reference value for Gaussian signals, K ≡ ( E y − E y ) 4 /σ 4 − 3 ≈ 1.56. Figure 6 also contains the probability densities for the fluctuating density and the plasma flux at the same spatial position. Note here that x contain a component that does not vanish upon averaging.
For large values of x the probability density P ( x ) can be well approximated by an exponential, while P ( n) and P ( E y ) are closer to Gaussians for large values of the respective arguments. In the following we will express results in terms of RMS signal values: for the relative density variations at the position x = 50 mm we have ( n/n) 2 ≈ 0.22 while the potential difference between the two probes estimating the E y electric field component has an RMS value of 0.58 V, implying an RMS value of the E y /B-velocity being approximately 570 m s −1 , i.e. a value much smaller than the sound speed. Using data from the position x = 50 mm, we show in figure 7 the experimental estimates for the normalized autocorrelations n(t) n(t + τ ) / n 2 
and E y (t) E y (t + τ ) / E
2 y . Similarly we show also the auto-correlation function of the xcomponent of the fluctuating plasma flux. All auto-correlation functions have 'cusps' at the origin, indicating that the signals are characterized by large values of the time derivatives, i.e.
(d n(t)/dt)
2 is large, and similarly for the other signals. While E y and n contain a clear harmonic component, this is less visible in the auto-correlation for the flux. The last curve in figure 7 is the cross-correlation of fluctuating density n and the fluctuating electric field component E y given as n(t) E y (t + τ ) n 2 E 2 y . The auto-correlations are symmetric by construction, but the cross-correlation could be expected to be asymmetric: this turns out not to be the case. Only small signs of asymmetry are found. These features are recovered also when analysing data for x = −40 mm. The symmetry of the cross-correlation indicates that there are no significant phase shifts between the correlated parts of the fluctuating density n and E y . At other spatial positions (larger x values) we can observe a phase shift. The normalized cross-correlation at τ = 0 is approximately 0.5, indicating that a model for the fluctuating quantities can contain two components: one with weakly coupled density and E y components, and a bursty part where n and E y are strongly coupled. Related results were found also in other experiments [1] and we find the similarity between these two data-sets interesting, in particular because they were obtained in completely different devices.
The general nature of the fluctuations dominating the turbulent transport has been discussed in other studies: flute modes being one limiting case where it can be argued that k = 0, while for drift-wave type fluctuations it is generally expected that k = 0. The distinction is in reality somewhat artificial, since the flute mode represents a limiting case for a general linear dispersion relation which includes also drift waves. Determining the magnitude of the B-parallel wavelength is nonetheless relevant. For a linear device, a Q-machine in particular, the sheath conditions are important for limiting λ [39] . For a Q-machine plasma with length L, bounded by two warm sheaths (two hot plates), it can thus be argued that λ = 2L, at most. For the scrape-off layer where some early Q-machine studies were carried out [1, 2, 5] , the sheath conditions were not well defined, and the question of λ could not be resolved; all that could be shown was that it was a long wavelength. In a toroidal plasma as the present one it could be explicitly demonstrated [12] that the large coherent structures that dominate the turbulent transport had no associated phase shift in the toroidal direction. The electrostatic modes studied here are flute type.
Turbulent fluxes
The fluctuating plasma flux is here identified by Γ = nE × B/B 2 . We assume quasi-neutrality, n e ≈ n i ≡ n. For steadystate conditions we have n ≡ n 0 (r) and E ≡ E 0 (r), where an overline indicates time averages. We have, for instance,
In the following we will analyze the statistical properties of the radial component of the fluctuating nE × B/B 2 vector, denoted x . By this we omit components that vanish upon averaging.
The space-time varying signal x (x, t) is obtained at selected positions with 10 mm separation along a line passing through the center of the plasma column. The amplitude probability density for x is shown in figure 6 . The most probable fluxes are small, but the average is significant and positive for x > 0. The plasma geometry and methods of plasma production in the present device are completely different from, for instance, the Q-machine where turbulent flux probability densities were first obtained [1] . Nonetheless, we note a surprising similarity between probability density P ( x ) found here and those obtained in other similar devices [1, 5, 40] .
The details of the data-sets vary with radial position in the plasma and consequently also the flux probability density P ( x ) changes with x. We analyzed the lowest order moments for a summary. The variation of the average flux x (x) is particularly interesting. We find x > 0 for x > 0 and x < 0 for x < 0 implying that the average turbulent flux is directed out of the plasma column in both cases, while the numerical magnitude of the flux is largest for x > 0. The change in sign of x (x) at x = 0 has a corresponding change in sign of the skewness, see figure 8 . The experimental record lengths are marginally sufficient for estimating the kurtosis, which is consequently somewhat more irregular than the variance and skewness. It is not advisable here to make estimates of fifth or higher order averages. For |x| < 7 cm, the error in the kurtosis is typically 20%, while it is 10% or less on the skewness, standard deviations, and the average fluxes. The error is somewhat larger for the last two spatial positions, where the average plasma density is low.
Even when the turbulent flux has an azimuthal variation as in the present case, we would expect that x ∼ 1/x. We can test this dependence by our flux measurements along the x-axis. For comparison we inserted reference lines for 1/x in the figure for x (x) . For x < 0 we find a possible agreement with this 1/x-variation, but the fit clearly fails for x > 0. We expect this to be a sign of an additional loss channel, most likely to be found in the weak externally imposed vertical magnetic field. We note that the collisions with neutrals give rise to classical diffusion, which is not observed by the diagnostics used in this study.
To obtain some additional information on details in P ( x ) we made two types of analysis: (i) making a power-law fit The first analysis (i) gave only inconclusive results. A power-law fit was indeed possible but only for a limited range for the largest x -counts in the PDF. The uncertainty became too large for the results to be of relevance here. Still we find it an interesting possibility: if it turns out that the probability density for the fluctuating plasma flux has an asymptotic variation like ∼ −α x , this will imply that an average like α−1 x is diverging. Results from analysis (ii) were more conclusive and some of the results for the x-variation of the fitted β values are summarized in figure 9 . We show β in arbitrary units since there is no natural or absolute normalizing x value available: the relevant normalization would be 0 , but this quantity is varying with x positions, and will not serve for an absolute normalization. We note that we have a systematic variation of β(x), indicating that the exponential fit exp(−β | x |) is not sporadic. The fit is obtained both for the part of the PDF that represents flux into (open circles) and out of the plasma (filled circles). The large flux limits of both parts of the PDF seems well approximated by an exponential fit, but the two corresponding β values are noticeably different, except near x = 0, where the PDF is close to be symmetric with x ≈ 0. We note that neither β nor any of the flux moments n x , with n = 1, 2, 3, 4 have abrupt changes near the positions x = ±40 mm, where the rotation velocity has a significant shear, see also figure 3. This observation indicates that the Kelvin-Helmholtz instability does not have any significant role in the formation of the turbulent spectrum.
Intermittency
The word 'intermittency' is often used in descriptions of classical incompressible turbulent flows to account for the inhomogeneous nature of energy dissipation, or inhomogeneity in the distribution of other scalar quantities.
The problem with such a vague definition is that any random process will exhibit inhomogeneities, also Gaussian processes. This leads to a definition adopted by some authors [41] that 'any variable with zero mean will be called intermittent if it has a probability distribution such that extremely small and extremely large excursions are more likely than in a normally distributed variable'. In this sense, a random Gaussian process serves as the reference for a non-intermittent case. Classical studies of intermittency effects are based on higher order structure functions [42] . These have been applied for studies of plasma turbulence as well. In this study we will use a different approach.
For low-frequency electrostatic field-aligned fluctuations in magnetized plasmas evidence has been found for large intermittent coherent structures being an important constituent of the turbulence. These structures have an important role in the turbulent transport [5, 21, 22] as studied also in the present work. The dynamics of the structures are influenced by the average shear in the plasma flow across magnetic field lines [5, 43, 44] . These structures have previously been identified by conditional sampling techniques [10] also in the present Blaamann device [7, 15] .
In order to analyze the intermittent features of the flux signal we suggest here the use of excess statistics, i.e. a study of the duration of time intervals where the flux exceeds some prescribed threshold level. We believe this definition to be particularly useful for studies of confinement of hot plasmas: it can here be important to distinguish many short plasma bursts from a few long ones. Although the accumulated time in the bursts can be the same, their consequences will be different as far as, for instance, the heat load on a confining wall is concerned. With many short bursts there can be time for the wall to cool down between bursts, while it need not be so for a long burst even when they are few. We therefore consider the flux signal obtained from the experiment and analyze the distribution of the time intervals spent above some prescribed reference level. The full analysis involves the probability density of the time intervals τ , where the signal exceeds some given threshold A, implying that this PDF is conditional, P ( τ |A), depending on the selected threshold level. Experimentally, the analysis is feasible, and in figure 10 we show sample results of estimates for probability densities P ( τ |A). We note that as the threshold level A increases, the probability for short τ is decreasing, while the probability for finding large τ is reduced only little in comparison. For all levels A we find that the most probable time interval lengths are short, but P ( τ |A) has a long tail of up to 40 − 50 µs duration. For practical purposes, the probability density P ( τ |A) will contain too much information. It is an advantage to reduce the analysis to deal with its average value as illustrated in the following section.
We postulate that the rate of level crossings and the average duration of excess times offer very sensitive indicators of intermittent features in a signal. In order to obtain a basis for comparison, we need an expression for the result that would be obtained for the equivalent Gaussian signal: equivalent in the sense that is has the same average and standard deviation. Such an expression can be determined by the joint probability density of the flux signal and its time derivative [45] [46] [47] [48] .
Average number of level crossings
A complete discussion of the statistical distribution of excursions in a random signal (such as the velocity or the electric field magnitude) is complicated. Analytical expressions for the duration of times spent by such a signal at amplitudes exceeding some selected levels can be found in the literature [46] , but the practical applicability of these results is restricted to short times. Some useful estimates can, however, be obtained by simpler means [45, 48] . We assume the amplitude probability density P ( x ) to be given. Since there can be a net flux, there are no restrictions on the average values, implying that x = 0 in general. Given a long time interval of duration T , the time spent above a given reference level A is then (A) = T ∞ A P ( x )d x . This time interval can be obtained in many different ways, i.e. by many short excursions above A or alternatively just a few, but long ones, for instance. To find the average number of excursion in the interval T we need to know also the distribution of the time derivative d x (t)/dt ≡ x of the signal [46, 49] , i.e. the joint probability density P ( x , x ). The assumed timestationarity of the process becomes essential here by implying that P ( x , x ) is independent of time.
The ensuing analysis consists of two steps, where details are found elsewhere [45, 46, 48] . First we note that the time it takes for the signal to cross a small interval d x is given as d x / x . We then note that P ( x , x )d x d x dt is the average fraction of time spent by the signal in an interval dt around any set of amplitudes and time derivatives { x , x } within a narrow interval d x d x . The average number N of upward crossings of the level x = A in the time interval T is then obtained by two integrations. First an integration with respect to time over the interval {0, T }, which becomes simple since P ( x , x ) is independent of time, and then an integration with respect to all positive values of x , implying that we include all upward crossing irrespective of the numerical value of x . The result of these two integrations is
As the next step, an estimate for the time spent in excess of a selected signal level x = A is then found by dividing the total time spent with x A with the average number of upward crossings [45] . This gives
independent of T . In the limit of A → −∞ we find (A)/N (A) → ∞ since we have P (A → −∞, x ) → 0. For A → −∞ the entire (infinitely long) record will exceed the reference level. Our working hypothesis [45] is that the result (4) is approximating ∞ 0 τ P ( τ |A)d τ : it is thus not an exact result since it is obtained by taking the ratio of two averages, where a full analysis would be based on the conditional probability distribution of the excess time intervals P ( τ |A).
In general we have no a priory knowledge of P ( x , x ), except from the fact that x and x are uncorrelated, since
2 /dt = 0, with x = 0 and x (t) 2 being a constant for time stationary conditions. It is, however, possible to obtain an estimate of P ( x , x ) experimentally, see, figure 11 . The flux is given in arbitrary units from the experiment, and its time derivative is approximated by k ≈ ( k+1 − k−1 )/2 t, where k is the time sample number. We show P ( x , x ) for two positions, x = −40 mm and x = +50 mm. The center of each of the two figures is placed at the average value { x , x }. Ideally we would have x = 0, but due to finite record lengths we have small deviations from the ideal case. For both examples shown in figure 11 we find that P ( x , x ) = P ( x )P ( x ), and the flux process can not be approximated by a Gaussian random process.
The Gaussian limit
The Gaussian non-intermittent reference model can be analyzed by the previously obtained analytical expressions [45, 48] . Being uncorrelated, the flux signal x and its time derivative x are also statistically independent in the Gaussian limit. We can then write the joint probability density as a product P ( x , x ) = P ( x )P ( x ), where the two probability densities are characterized by their averages x and x = 0, together with their standard deviations σ 2 and σ 2 . These are related by the power spectrum G(ω) of x (t): In the 'non-intermittent Gaussian limit' we find after some calculations the relatively simple result
where erfc(
)dξ is the complementary error function. For A → −∞ we find also here that
The results outlined here have been tested by synthetic data [48] , in particular to study the transition from non-Gaussian to Gaussian random signals. These studies demonstrate that the rate of level crossings and the average duration of excess times offer very sensitive indicators for deviations from Gaussian properties of a given signal.
The analysis of the statistical scatter of the excess times requires in part also knowledge of the expected value of the number of level crossings in a time interval dt 1 through ( 1 , 1 + d 1 ) with derivative 1 , multiplied with the number of level crossings in a time interval dt 2 through ( 2 , 2 + d 2 ) with derivative 2 . One is led to consider the fourth-order joint probability density P t 1 ,t 2 ( x1 , x1 , x2 , x2 ) . The analysis is simple only for Gaussian random signals [49] , and this study is outside the scope of this work.
Experimental results for average times for level crossings
Given the experimental records, we analyze the data to obtain the basic information of the level crossing distributions. Results are shown here for two positions x = −40 mm and x = 50 mm, see also figure 11 . In figure 12 we show results for x = −40 mm where the average flux is in the negative x-direction. The top frame shows the fraction of time the flux signal spent below negative threshold levels shown as a function of the threshold level. The middle frame shows the rate of the threshold crossings of the flux signal. The bottom frame shows the average length of time intervals spent below the threshold levels. In figure 13 we show similar results for x = 50 mm where the average flux is in the positive xdirection. In both figures 12 and 13 we have a red line giving the results for an equivalent Gaussian random process. By interpolation we obtain a time resolution that is better than the inverse sampling rate.
We find significant non-Gaussian features in the flux signal, demonstrating that the excess time statistics is a good indicator for intermittent features. In particular we note that the average excess times (bottom curves in figures 12 and 13) show a long interval where this average time is only slowly reducing for increasing threshold levels. Long time durations are rare for fluxes exceeding low threshold values when compared with Gaussian processes. In, for instance, figure 13 we can extend the flux-threshold axis to 8 and still observe some very short time intervals, until at even larger threshold values the number of events reach zero when the imposed threshold level exceeds the maximum flux value of the given records.
We see that large amplitude bursts are rare, i.e. the number of level crossings reduce rapidly with increasing threshold, although they are slightly more frequent than for the equivalent Gaussian random process. The average duration of the bursts is, however, only slightly smaller than for smaller threshold levels. The number of very large amplitude bursts is thus small, but individually they carry an amount of plasma material that is large compared with the equivalent Gaussian random process.
A conclusion consistent with the observations in figures 12 and 13 is that the flux signal has a low level of random fluctuations, where inwards and outwards plasma flux is of equal probability. In addition to this we have sporadic bursts of plasma, where the flux is rapidly increasing to reach a high level and then rapidly decreasing with a burst duration of typically 10 −5 s. These bursts propagate, on average, plasma out of the plasma column. For small thresholds, the average width of the bursts is small and they are more rare as compared with the equivalent Gaussian random process. As the threshold increases, the width reduces slowly and also the frequency of occurrence reduces. A Gaussian process would, in comparison, have a faster decline with increasing threshold.
The basic characteristics of the lowest order averages of the plasma flux probability density change noticeable for x < 0 to x > 0, see figure 8 . The temporal intermittency characteristics as evidenced by the excess statistics is more robust, being approximately the same for x < 0 and x > 0, see figures 12 and 13.
The largest uncertainties in figures 12 and 13 are found for the rates of level crossings (found in the middle panels), where we estimate the uncertainties to be ±15%. The peak deviation between the equivalent Gaussian signal is, however, close to 80%, so our conclusion is robust also for this most uncertain case. At other flux threshold levels the differences can be smaller, but the variation is systematic and consistent with non-Gaussian features. The construction of the curves for the equivalent Gaussian signal does not introduce additional uncertainties since it is based on the average and variance of the original data-set. Also we note that the variations in figures 12 and 13 are consistent, although the results refer to opposite positions in the plasma torus.
The results in figures 12 and 13 give indications of frequencies of occurrences and average widths of the structures, but contains no information on details of the temporal variation of the plasma bursts. This information is best obtained by a conditional averaging.
Conditional analysis
Detailed information concerning the turbulent fluxes can be obtained by conditional averaging. This method and its generalization have been discussed in the literature [10, 12, 13, 15, 16, 50] and need not be repeated here in detail. For the present study we select upward crossings of a reference amplitude level and determine the time interval until the first downward crossing of this level. The maximum signal value in this interval is found and the origin for this window is subsequently placed at the time for this maximum amplitude. When a conditional time window has been selected, the signal is searched for the next upward crossing of the selected reference amplitude, introducing a time delay in order to avoid overlap of subsequent windows. The signals in the selected intervals are then averaged. This procedure outlined here was originally used in previous studies [12] . Several other methods for conditional averages have been used, but these do not reproduce details in the time variation of the averaged fluxes.
Basic results
The basic results are shown in figure 14 where we have the conditionally averaged flux signals as described before. We imposed the conditions x 0.5, 1.0, 1.5, 2.0 and 2.5 in terms of the RMS value of the flux signal. We note that the signal has a narrow spike at the reference time for all conditions shown, but that some widening of the base of the structure appears for large values of the imposed conditions. The duration at half peak value of the averaged burst is relatively constant, approximately 20 µs, independent of the imposed condition as long as it is positive. The signals are skew in all cases, but this feature is most pronounced for small values of the imposed condition. Figure 15 illustrates cases where the condition is applied only to the flux signal itself as in figure 14 , but here we show also the corresponding conditionally averaged density and electric field component. A large amplitude coherent burst in the plasma flux corresponds to one of the examples in figure 14 . At first sight it seems surprising that the conditionally averaged electric field component is negative for the case with x = 50 mm. This result can be understood by considering the joint probability densities for n and E y as shown in figure 16 . Note the 'triangular' shape of the PDF for x = 50 mm. We find that a large value of the outgoing plasma flux can in this case be obtained either by a small negative density perturbation together with a large negative E y value, or by having large density perturbation together with a small E y value. With the PDF shown in figure 16 for x = 50 mm we can not have both n and E y large at the same time. With the imposed condition being x > 0 we find that the conditional average of n is positive at the reference time while the corresponding average of E y is negative, in spite of the fact that the product of the two quantities is positive in each of the conditional realizations: a somewhat counter intuitive result. For the position x = −40 mm the joint PDF is more rounded and the conditional fluxes are as expected, recalling that x < 0 here implies a flux in the direction out of the plasma.
We find that a typical duration of an averaged flux event is τ ∼ 15-20 µs. Assuming a characteristic velocity of 2 × 10 3 m s −1 at a position of x = 50 mm, see figure 3 , we can estimate that this τ corresponds to an approximately 3 cm spatial width of the burst in the y-direction. This width is approximately 10 ion Larmor radii.
More generally, we may distinguish contributions to a positive, outgoing flux x = n E y /B for cases where, for instance for x > 0 we have { n > 0; E y > 0} or { n < 0; E y < 0}. Both cases give rise to plasma flux out of the plasma column, x > 0, but the physical details are different. These cases are discussed in the following.
Fluxes for different combinations of n and E y
We have two separate records, one for density n(t) and one for azimuthal electric field E y (t). From this we construct a third record x (t) = n(t) E y (t)/B. These three records can be analyzed by imposing conditions or selection rules on combinations of the three signals.
Considering the reference position x = 50 mm, we can carry out a conditional analysis with conditions given as x > 0 and E y < 0. An example is shown in figure 17 for the case where the imposed condition is x > 2 and E y < −0.5, both in units of the corresponding standard deviations, without any conditions on n.
A different example is shown in figure 18 , where the imposed condition is x 2 and n < 0, with no conditions on E y . The interesting observation is here the similarity between figure 17 and the left part of figure 18 .
For comparison we also analyzed the case where the imposed condition is x 2 and n > 0, with no conditions on E y , see figure 18 . This case is distinguished from the results in figure 17 by the asymmetry in the conditionally averaged n and E y signals.
As evident from the probability density P ( x ) there are times where the plasma flux is sporadically inwards, although the average direction is going out of the plasma column. We can gain insight also in the case with x < 0 by use of conditional averaging, see figure 15 . Studying this case we find only irregular time variations, without pronounced features as found for the outgoing plasma fluxes.
Comparisons with other experiments
Conditional averaging was seemingly used first in a linear device [2, 5] for studies of the formation, propagation and decay of large coherent structures. This type of analysis was later used in related studies in many other and different types of magnetized plasma devices [7, 11-13, 15, 16, 23, 51] . Observations of individual structures have been reported as well [17] . Most of these observations mentioned here refer to localized structures, but arguments have been given also for large scale spiral structures that cover a significant part of a plasma cross-section in rotating plasmas [52] .
Several studies of turbulent plasma transport due to electrostatic low-frequency magnetic field aligned perturbations show similarities with our results. For illustration we list a few of these in the following.
The PDF of the turbulent flux has been measured in a linear device (Large Mirror Device-Upgrade, LMD-U) and compared also with the momentum flux [40] : this latter analysis seems to be the only one of its sort, for the time being. A related analysis in toroidal devices like Blaamann will be interesting. The form of the PDF for x found in LMD-U is very similar to ours.
Significant deviations from Gaussian statistics have been reported in devices similar to Blaamann [14] with particular attention to the PDF of the turbulent flux variations, but with limited information on the density and electric field fluctuations. Global measurements (i.e. covering a crosssection of the plasma column), using conditional sampling and averaging [7, 12] demonstrated the existence of large irregular rotating structures, which in a transient time interval could take a dipolar form. A consistent interpretation of the present results taken along a line crossing a section of the plasma is that the smaller irregularities give the low level noise in the flux signal in, for instance, figure 5, while the enhanced local electric field associated with the dipolar structures gives rise to the large localized bursts or spikes also seen in figure 5 . This interpretation finds supported in observations [7] , although the plasma flux was there estimated by indirect means.
The TORPEX torus is in many ways similar to Blaamann, and coherent localized density perturbations have been observed also in that device by conditional averaging [53, 54] . The results were supported by numerical simulations.
Related studies have been carried out in other types of devices. Studies in the DIII-D tokamak identify two regimes, a high (H) and a low (L) confinement mode, and conditionally averaged flux signals were obtained for both for different radial positions [23] . In particular for the L-mode, the results appear very similar to ours. Both localized enhancements and depletions of the plasma density were identified, and it was found that density depletions propagate mostly inwards, density enhancements out of the plasma. Studies of the variations in plasma density in the HL-2A tokamak [51] demonstrate that the conditionally averaged plasma density perturbations (local enhancements as well as depletions) just inside the last closed flux surface appear similar to what we observe here. Density depletions were found to propagate predominantly inwards, density enhancements outwards, thus both cases contributing to a net loss of plasma. The discussion in our section 6.2 contributes with detailed insight to a discussion of the difference between the two processes.
There is no obvious conclusions resulting from the form of the conditional averages. In some, but not all, cases the variations seem to be asymmetric in time. This feature can be found also in our data, but the conclusion will depend on the threshold level used for the condition, see figure 14 .
Concerning the use of conditional sampling and averaging it might be appropriate to emphasize some inherent limitations of the method. In particular, the results depend on details in the applied conditions. The original version, as used in studies of plasma turbulence, simply imposed conditions on the signal amplitude and the sign of the time derivative. If the latter constraint was removed, the result changed noticeably, as easily explained by simple model considerations [10] . The conditions used in the present work, as described before, are more restrictive. Some improvements of the method can be obtained, where some studies recommend pre-filtering of the data, with several methods being suggested [15, 50] . Conditional averaging is used mostly because it is simple to implement, and simple to interpret. Other generalizations of the methods, conditional medians for instance, have been suggested [10] but the possible advantages of this procedure remains to be explored.
The relations between the conditionally averaged signal and the individual structures constituting the result can be complicated. Detailed insight can be gained by use of a matched filter [15] , where the filter transfer function is chosen according to some a priory information, or presumed knowledge. From figure 14 we can, however, safely conclude that the structures in the flux signal cover a variety of shapes: otherwise the conditionally averaged signals will have the same appearance, irrespective of the imposed condition. The scatter in the pulse shapes with respect to the conditional average is measured by the conditional variance [2, 10] . The statistical spread of the duration of excess times, see figure 10 , contains information related to the conditional variance, but this information is not contained in P ( x , x ) .
It should also be mentioned that conditional sampling and averaging gives some result, irrespective of the nature of the signal, in particular also for a non-intermittent reference Gaussian signal. In that case it is simply the correlation function that is being reproduced. This observation has analytical support [29, 55, 56] . The fluctuations in the TEXT-U tokamak thus seemed to be characterized by near Gaussian statistics [11] .
While the basic information of the turbulent transport and the information concerning the excess averages is contained in the flux probability density P ( x ) and joint probability density P ( x x ), it can be demonstrated [29, 55] that the information of the conditional averages is contained in the lowest and higher order auto-and cross-correlation functions. Conditional averages (in the early studies, using some simple conditions, it was denoted 'superposed epoch'), were for a time widely applied in studies of neutral turbulence, with some basic references presented elsewhere [15] .
Conclusions
We presented results from an experimental study of turbulent transport due to low-frequency electrostatic fluctuations in a magnetized toroidal discharge plasma. We obtained a fluctuating flux signal at selected positions with 10 mm separation along a line crossing the center of the device. In each position we obtained an experimental estimate for the amplitude probability density P ( x ) for the flux signal x and studied the spatial variations of the lowest order statistical averages.
Turbulent flux events (or plasma bursts) were studied by conditional sampling methods and it was demonstrated that significant information can be recovered by imposing conditions not only of the flux signal x ≡ n E y /B itself, but also on one or more of its constituent signals, n or E y . In particular we can distinguish flux events where n > 0 and E y > 0 as compared with n < 0 and E y < 0; both cases give contributions to the flux signal with the same sign, but the time variations of the conditionally averages are very different, see, for instance, figures 17 and 18. Studying the large plasma bursts by a local wavelet transform [15] , we found that in general they appear without any noticeable or significant precursors in the flux signal, but a cross-conditional analysis (where condition is imposed on the flux signal for analyzing E y as in the left figure 15 ) indicates some change in the average frequency of the oscillations before and after the event. Another example is found in the left figure 18 , where a change in average oscillation amplitude is found. Even with this generalization of the analysis we fail to observe any precursors of significance for large bursts of plasma.
We found evidence for strong intermittency effects, and demonstrated that statistical distributions of the time intervals spent in excess of some selected flux threshold levels are good indicators for this intermittency. Analytical expressions were presented for some relevant average time intervals, offering in particular results for a Gaussian limit that can be used as a reference non-intermittent case. For the present plasma conditions we found significant deviations from the Gaussian reference model as the threshold was varied. For large thresholds, in particular, we found an excess of the average time interval duration as compared with the reference case. The analysis was based on methods applied for other related problems [45] . The joint probability density P ( x , x ) contains all the information needed for an estimate of the average duration of excess time intervals in the sense discussed in section 5.1.
The turbulence in the Blaamann device is characterized by a broad spectrum containing also some narrow spectral components [7] . For the present case the dominant oscillation is shown in the power spectrum (see figure 4) and observable in our auto-correlation measurements as well, as summarized in figure 7 . The conditional averaging shown in figures 17 and 18 demonstrates that the bursts and the harmonic oscillations are phase correlated: otherwise the oscillations should disappear by the statistical averaging. A general conclusion for figures like 15, 17 and 18 is that large fluxes, x > 2 (in units of the standard deviation), occur for large temporally narrow 'spikes' in the density signal, n, and also rapid variations in E y .
An interesting result from our analysis is a demonstration of the significant changes in the joint probability densities P ( n, E y ) observed as the fluctuations propagate from the outer (x > 0) low magnetic field side to the inner (x < 0) high magnetic field side of the plasma, see figure 16 . The observed difference is likely to be caused by the spatial magnetic field variation, which implies that ∇·(∇φ × B/B
2 ) = 0, in contrast to the result for B = const., where the E × B/B 2 = −∇φ × B/B 2 -flow is incompressible. This observation applies both for the fluctuating and for the steady-state parts of the electric fields. For the present toroidal conditions, the bulk E 0 ×B/B 2 -rotation gives rise to a compression of a small reference plasma volume as it moves from a position at x > 0 to x < 0. In comparison, we find that the turbulent frequency spectra are independent of the azimuthal position and depend only on the radial variable for the constant magnetic fields found in linear Q-machine experiments with cylindrical symmetries.
The turbulent transport in the Blaamann device is inherently 'bursty' in nature, and no diffusion limit [42, 57, 58] is established in the present conditions. The typical size of a density perturbation is not small compared with the scale length n/(dn/dr) of the average plasma density. A locally homogeneous two dimensional turbulent region is not established, as it would be required for a universal spectral range to develop. A diffusion model therefore does not represent the proper physical process, but a quantity having the dimension of a diffusion coefficient can nonetheless be constructed as D eff ≡ x /(dn/dr), and is often used for characterizing the turbulent losses. In our case we have the numerical values x ≈ 9.5 × 10 18 m −2 s −1 , n/(dn/dr) ≈ 0.1 m, and find D eff ≈ 6.3 m 2 s −1 , a number that turns out to be of the same order of magnitude as the Bohm diffusion coefficient for the present plasma parameters [30] . The effective diffusion coefficient is much larger than the result obtained for collisional or classical diffusion.
We have already commented on the similarity between our observed PDF's for the turbulent flux in a toroidal device and the results found in other linear devices [1, 2, 5, 40] . Since these flux-PDF's seem to have universal properties, it would be interesting to compare also our observed joint probability densities shown in figure 11 with results from other devices. If a similarity is found also for this case we can argue that some universal features can be attributed also to the excess statistics summarized in figures 12 and 13 since these results are contained in the joint PDFs for fluxes and their time derivatives P ( x , x ), as discussed in section 5.1.
